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ABSTRACT
Voluntary wheel running improves recovery from muscle disuse in mice

Matthew J. Brooks

The reloading of atrophied muscles from weightlessness or disuse results in injury and
prolonged recovery. Satellite cells, or muscle stem cells, have a key role in facilitating injuryinduced muscle repair but have not been shown to be required in muscle remodeling following
atrophy. However, it has been less clear if low-impact exercise, such as voluntary wheel running,
could provide a sufficient stimulus to enhance muscle recovery from atrophy through satellite cell
activation. This study aimed to determine if voluntary wheel running improved recovery from
muscle disuse following hindlimb suspension unloading (HSU), and if the recovery was associated
with exercise-induced satellite cell activity. Young adult male and female C57BL/6 background
mice (n=6/group) were subjected to either 14 days of normal weight bearing, 14 days of HSU, 14
days of HSU + 14 days of re-ambulation, 14 days of voluntary wheel running, or 14 days of HSU
+ 14 days of voluntary wheel running. Mice were given 5-bromo-2’-deoxyuridine (BrdU) in their
drinking water during the final 14 days of the experiment to measure satellite cell proliferation in
gastrocnemius muscle fibers. HSU significantly reduced in vivo maximal force and decreased the
rate of fatigue in the plantarflexor muscles. Voluntary wheel running during reloading after HSU
significantly improved resistance to fatigue, which was associated with significant increases in
both muscle fiber cross sectional area (CSA) and an increased percentage of oxidative type IIA
muscle fibers in the gastrocnemius muscle as compared to the mice recovering without exercise.
BrdU positive nuclei that had proliferated and were located inside the muscle sarcolemma were
identified by immunohistochemical labeling and quantified in tissue cross sections. Following
HSU, wheel running mice had a significantly greater percentage of BrdU positive nuclei that were
inside gastrocnemius muscle fibers. Western blot analysis showed HSU mice with wheel running
had a higher MyoD to Pax7 ratio as compared to mice that did not exercise after HSU. Mice in the
wheel running group had significantly improved fatigue resistance, a significantly increased
oxidative fiber phenotype, and significantly increased fiber CSA as compared to non-exercised
animals after HSU. These results indicate that voluntary wheel running increased satellite cell
activity during the recovery phase following HSU and this was associated with improved recovery
from muscle disuse. While satellite cells did not exhibit increased activity in passive recovery
(non-wheel running), manipulating their activation through low-impact exercise appeared to
enhance morphological recovery and improve muscle function.
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Chapter 1 – Specific Aims & Hypotheses
Introduction
A high degree of muscle plasticity is evident in models of skeletal muscle atrophy and
recovery. Muscle atrophy, whether occurring from a primary cause such as unloading (i.e.
microgravity, bed rest, or inactivity) or secondarily to changes in age, nutrition, or disease, results
in an inherent loss of muscle function and strength that contributes to mobility impairment and
decreased quality of life. Understanding and designing effective strategies and therapies to address
the reloading phase following muscle wasting has critical implications for reducing healthcare
costs, improving rehabilitation, and preventing further damage.
Satellite cells are quiescent muscle stem that can be activated following muscle injury or
an increase in mechanical load [1]. However, the role of satellite cells in recovery from muscle
from atrophy during the reloading period is unclear. It is not currently known if exercise-induced
satellite cell activation can improve muscle rehabilitation. Our preliminary data in mice suggest
that satellite cells are not inherently activated by simple re-ambulation following atrophy, but we
found that introducing low-impact exercise during recovery induces satellite cell activation, which
might alter the mechanism and/or magnitude of recovery. Specifically, our preliminary data in
C57BL/6 mice suggest that voluntary wheel running increases 5-bromo-2’-deoxyuridine (BrdU)
incorporation into the gastrocnemius muscle following hindlimb-suspension unloading (HSU).
Additionally, the voluntary exercise appeared to result in improved fiber cross sectional area
(CSA) and improved fatigue resistance.
The primary objective of this study was to determine whether rehabilitative voluntary
wheel running can improve the functional recovery of muscle and enhance satellite cell
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involvement following HSU in a mouse model. The central hypothesis was that voluntary wheelrunning during reloading following hindlimb unloading-induced atrophy would provide a
sufficient stimulus to enhance skeletal muscle functional and morphological recovery that
would activate satellite cells. Our rationale for conducting this study was to further investigate
claims that voluntary wheel running improves atrophy recovery [2] and determine novel roles for
satellite cells in improving muscle recovery following disuse-induced atrophy.
Specific Aim 1: Determine the effect of voluntary wheel running on the recovery of muscle
function following HSU. The working hypothesis was that voluntary wheel running after HSU,
as a mild exercise, will improve fatigue resistance while not having an effect on maximal force.
Specific Aim 2: Determine the effect of voluntary wheel running on satellite cell proliferation
and muscle morphology following HSU. The working hypothesis was that voluntary wheel
running will increase satellite cell proliferation, which will result in improved muscle fiber CSA
and an increased ratio of type I muscle fibers to type ii muscle fibers.
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Chapter 2 – Background & Significance
Hindlimb suspension: muscle atrophy
The unweighted environment of outer space reduces muscle load, induces atrophy, and
reduces muscle performance in humans [3–6]. Similar effects were seen in rodents on the Cosmos
biosatellite program [7] and this led to the development of HSU model for rodents in order to
provide a ground-based simulation to study muscle atrophy in humans [8]. To validate this model,
the Cosmos 2044 spaceflight experiment used HSU as a control group for direct comparison to
rats in microgravity [9]. It was found that HSU and spaceflight were comparable in their ability
to induce changes in rat muscle morphology, including fiber type switching from slow-to-fast
fibers, and a decrease in the mass of the soleus [9]. Fast-twitch muscles exhibited a lesser response
to both microgravity and HSU, with no changes in fiber size. Only the ratio of intermediate fibers
to total fiber composition was reduced in both conditions [10–12]. Post-flight, the repair of soleus
and gastrocnemius muscles were similar in both the HSU and spaceflight rats [13].
HSU atrophy preferentially affects slow-twitch muscles, such as the soleus [14]. Soleus
atrophy results in detrimental effects including decreased peak force [6], increased maximal
shortening velocity [3,15], increased rate of fatigue in the soleus [16], decreased CSA [17], and a
shift from slow-to-fast twitch muscle fibers [2]. Studies in both human and rat models have found
that the soleus, a postural muscle, atrophies more than the gastrocnemius [32]. While most studies
in rats have consistently found that slow-twitch fibers are selectively atrophied in the soleus,
human studies did not always exhibit this preferential atrophy in a similar exclusiveness [14].
Although originally designed for rats, the HSU model was also adapted for mice [18]. The mouse
soleus is composed of mixed fiber types (composition dependent on mouse strain), unlike in rats,
which have predominantly slow-twitch soleus muscle (>85% type I fibers) [19]. In mice, the
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atrophic changes to the soleus were characterized by a 33-39% reduction of fiber size in type I
fibers, a 21-25% reduction in type IIa fibers, and a 16% reduction in type IIx/b fibers [17].
Moreover, unlike the soleus muscle in rats, the mouse soleus does not appear to decrease myosin
heavy chain (MHC) I or MHC IIa expression, or increase MHC IIx/b expression following HSU
[20]. It is hypothesized that the apparent selective atrophy in rat soleus muscles is a result of
greater composition of slow-twitch fibers, causing a greater specific effect when changes are made
to motor unit recruitment demands [17]. While the mouse model did not see the same degree of
selective fiber atrophy or reduction in MHC I expression, overall the soleus muscle had a
oxidative-to-glycolytic shift in fiber composition.
Muscle atrophy occurs via increased protein degradation and/or decreased protein
synthesis [21]. The mechanism of disuse-induced atrophy remains to be elucidated and is the
subject of debate. It was initially believed that oxidative stress was an important regulator of disuse
atrophy, and may still be an effective target in therapy [22]. As a prophylactic therapy,
preconditioning the muscle to higher levels of oxidative stress through endurance exercise prior to
HSU attenuated the HSU-induced loss of fatigue resistance in the soleus, the myofibrillar protein
concentration loss, the oxidative-to-glycolytic fiber type switching, and the loss of heat shock
protein (HSP)72 [23]. However, preconditioning was unable to preserve muscle mass and maximal
tetanic tension during HSU. It was then hypothesized that the preservation of HSPs was partially
responsible for these benefits through reduction of oxidative stress [23]. Future research is
necessary to understand how the preconditioning exercise protected the muscle. However, other
recent research has suggested that disuse-induced atrophy is driven by other factors than oxidative
stress [24–26]. While oxidative stress does occur during HSU, it has been shown that the
endogenous antioxidant defense system is able to efficiently respond to the increases in reactive
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oxygen species, protecting a homeostatic redox environment during at least the first 14 days of
HSU [26,27].
An investigation of the early responses of the muscle occurring during unloading has
indicated that atrophy occurs as early as 3 days into HSU and is accompanied by decreases in
mitochondrial fusion, which in turn causes mitochondrial dysfunction [28]. The resultant decrease
in adenosine triphosphate (ATP) production activated AMP-activated protein kinase (AMPK)
[28], which is known to have a role in upregulating both the ubiquitin-proteasome system and
autophagy pathway, results in increased protein degradation and inhibited muscle hypertrophy
[29]. To explore the extent of AMPK’s role in protein regulation in the slow-twitch soleus muscle
of mice, a dominant-negative mouse model was used to reduce skeletal muscle AMPK activity
during HSU [30]. The results showed that reduction of AMPK has a protective role in partially
attenuating muscle atrophy through modulation of the ubiquitin-proteasome and autophagy
pathways. While it is apparent that AMPK regulates some of the components of muscle atrophy
that affect protein degradation, it remains to be determined whether it has a significant effect on
physiological parameters of muscle function.
While the mechanism of disuse-induced atrophy is not well understood, the effects are
clear. Disuse-induced atrophy causes changes in muscle fiber type composition, losses of muscle
mass and maximal force, and increases the muscle fatigue rate in the soleus. Understanding the
effects of reloading skeletal muscle is necessary for designing appropriate rehabilitation without
further damaging the muscle.
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Hindlimb suspension: reloading and exercise
Skeletal muscle is highly plastic and the changes caused by HSU are reversible. However,
reloading the hindlimb muscles following HSU can have adverse effects. Mice are able to recover
soleus muscle mass and force after 15 days of reloading, but their resistance to fatigue continues
to worsen over this period [20]. These results in mice are similar to data that have been reported
in rats, however, rats also failed to fully recover muscle force production after 14 days of reloading
[31]. Similarly, post-spaceflight human data shows that muscle strength further decreases during
the reloading period [32] independent of muscle volume recovery [33]. The recovery of muscle
mass, fiber width, and the near full recovery of CSA [34] were unable to fully restore muscle
functionality [20,31]. This discrepancy is due to reloading-induced muscle damage. Early studies
found evidence of lesions in muscle sarcomeres. It is suggested that this is caused by fiber length
shortening during HSU [31,35–38]. Upon reloading, the muscle is then stretched and susceptible
to injury that is similar to eccentric exercise muscle damage [31,39,40].
As there is no current method to prevent the atrophy of muscle during unloading and
because reloading itself may cause more damage, researchers are currently working to understand
the effects of exercise therapy on the muscle during reloading. In a broad perspective, muscle
unloading and exercise training are inversely related [41]. This relationship makes various forms
and durations of exercise reasonable targets for reversing the atrophic effects of HSU and restoring
muscle function. Following HSU, one study found that 7 days of voluntary wheel running in mice
appears to shorten the recovery time of muscle mass and CSA [2]. However, this study failed to
have a suitable control group to compare the recovery from HSU without exercise, causing the
authors to rely on data from other studies. During the first 4 days of the reloading period mice ran
less distance at a slower velocity than non-suspended mice with access to wheel running, but it is
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unclear if this difference was a result of the weakened muscles from HSU-induced atrophy,
reloading-induced damage, or both [2]. Compared to results from studies with similar reloading
periods without exercise, voluntary exercise enhanced recovery of muscle fiber CSA and improved
the ability of mice to regain muscle weight [2,31,42], but failed to recover maximal tetanic force.
Without a control group, it cannot be determined whether exercise improved the rate of muscle
recovery. Overall, the study found that ad libitum, low intensity exercise improved certain aspects
of muscle recovery even though contractile strength did not recover after 7 days [2].
Research in rats has found that endurance exercise training also improves recovery, but can
also damage the muscle [43]. One study used a rigorous treadmill raining protocol (60 min/day at
28m/min on a 15% grade by 3rd week) in rats during reloading [43]. Compared to the control
recovery group, only the trained rats were observed to fully reverse the morphological changes of
muscle atrophy and to maintain a restored CSA and mass of the soleus by 28 days of recovery.
During this recovery process, however, it was observed that rats with training had more
pronounced clusters of damaged (injured) fibers, smaller fiber CSA, and an increase in type IIc
fibers that peaked at approximately 14 days. These early phase indicators of worsened recovery
were only transient and by 28 days of reloading, the type IIc fibers were absent and normal muscle
morphology was restored [43]. In the trained rats, it remains unclear if the transient injury was
necessary for the rats to have the fully recovery by 28 days. Unlike trained rats, the sedentary rats
recovered body mass and CSA by 14 days, but were unable to maintain these gains. It remains to
be determined if endurance training is better used after 14 days of sedentary recovery rather than
immediately following HSU.
As previously stated, the muscular damage during the initial phase of HSU resembles the
injury caused by unaccustomed eccentric exercise [39], including damaged myofibers and
-7-

mononuclear cell infiltration [36,37,44–46]. While the mechanism is not well understood, a
prophylactic therapy known as the ‘repeated bout effect’ has shown that conditioning bouts of
eccentric exercise provides a protective effect against muscle damage if later subjected to an injury
[47]. To explore if this protective effect translates to HSU recovery injury, rats underwent two
weeks of eccentric resistance exercise followed by 7 days of HSU and were then examined after a
16-19 hour reloading period [47]. While the repeated bout effect did not attenuate muscle mass
loss, there was a benefit of significantly decreasing the degree of myofibrillar damage [47]. These
data are in contrast to previous notions that the degree of myofibrillar damage and the amount of
atrophy are directly correlated [35]. Another noteworthy observation from this study was that the
effects of pre-training persisted through 7 days of unloading, meaning that for at least short periods
of unloading, prior treatment is protective [47]. The mechanism through which the repeated bout
effect protects against eccentric damage in not well defined, but further investigation could provide
insight into potential targets for preventing reloading induced injuries.
Hindlimb suspension: satellite cells
Satellite cells are quiescent muscle stem cells that lie between the basal lamina and
sarcolemma of myofibers and are known to be vital for muscle growth and repair [48]. However,
it is relatively unclear and understudied whether satellite cells are activated and utilized following
muscle atrophy. Aged rats that were given green tea had greater satellite cell proliferation in the
HSU reloading period [49,50]. While the studies were unable to directly attribute reloading
improvement to satellite cells [50], it was hypothesized that satellite cells do play a role in restoring
the muscle after HSU.
Once activated, satellite cells either proliferate (sustaining a pool of satellite cells),
differentiate and form new muscle fibers, or donate their nuclei by fusing with existing myofibers
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[1,51]. The myonuclear domain theory states that within a muscle fiber, each nuclei is responsible
for a certain theoretical amount of cytoplasm [52]. During atrophy, myonuclei are lost, while in
hypertrophy the total number of myonuclei increase. The hypertrophic nuclei increase is likely a
result of satellite cell fusion [52]. The validity of the myonuclear domain theory is contested
because while nuclei and cytoplasm are reduced in HSU, it is unclear whether they maintain the
same ratio [53]. Regardless, satellite cells and their role in hypertrophy during reloading is a
mechanism of substantial interest and debate. In one HSU study, γ-irradiation was used to inhibit
satellite cell proliferation in mice [54]. The study found that muscle growth occurred normally for
the first week after reloading, but was inhibited during the second week. The failure to restore
muscle mass indicates that satellite cells are critical in the restoration of atrophied muscle.
Furthermore, the authors hypothesized that increasing the proliferative capacity of satellite cells
could enhance recovery [54]. This hypothesis was tested in aged rats using β-hydroxy-βmethylbutyrate (HMB) [55], a leucine metabolite that has been shown to increase proliferation of
myoblasts in vitro [56]. The study found that HMB increased satellite cell proliferation, which
correlated with improved recovery of plantaris muscle mass and CSA [55]. In contrast, a separate
study used a tamoxifen-induced depletion of satellite cells in mice (aged 4-5 months) and found
that recovery of muscle mass and force was unaffected [34]. These results suggest that satellite
cells are not necessary during reloading following HSU, and rather the myonuclear domain size
adapts to a new set point [34]. The reason for contrasting results with the study using γ-irradiation
may be due to unintentional side effects of the γ-irradiation, an incomplete knockout of satellite
cells, or the possibility that mice of different ages (9-11 weeks in the γ-irradiation study and 4-5
months in the tamoxifen study) have different satellite cell requirements [34,54]. If satellite cells
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are not inherently activated during reloading, providing a stimulus to activate satellite cells could
benefit the recovery process.
Voluntary wheel running has been shown to increase satellite cell proliferation [57–59].
The one study using voluntary wheel running during recovery from HSU did not report any adverse
injury during reloading, but it also did not investigate whether the exercise was sufficient to
stimulate satellite cell activity [2]. With few studies investigating the mechanism of satellite cells
in reloading following atrophy and the lack of consistent data, this study is necessary to better
understand the role of satellite cells.
Significance
The current study was designed to specifically address two unanswered questions in
hindlimb suspension research: (1) does voluntary exercise enhance the recovery process, and (2)
will satellite cells be activated by voluntary wheel running during recovery? By utilizing in vivo
force measurements, this study is novel in its ability to use repeated measures to monitor maximal
force and fatigue measurements throughout the recovery. In vivo measurements are advantageous
over the commonly used ex vivo measurements in that they are non-invasive and maintain the
physiological environment of the muscle that would be disrupted through the surgical removal of
the muscle and its isolation from its blood flow dependent energy and oxygen supply [20,60].
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Chapter 3 – Methods and Procedures Summary
Study Design Overview
Our study was conducted using 5 mouse groups (n=6/group). Three groups were subjected
to 14 days of HSU to observe the effects of HSU without recovery (group: HSU), normal
ambulation HSU recovery for 14 days (group: HSU+NoWR), and voluntary wheel running HSU
recovery for 14 days (group: HSU+WR). 2 groups of non-suspended mice were used as controls.
One was a cage control (group: Control) and the other was a cage control with voluntary wheel
running control (group: ControlWR). As shown in Figure 1, in vivo maximal force and fatigue
resistance were determined at day 0, 14, 21, and 28 (as applicable) in the mice to map the effect of
HSU (day 14), and voluntary wheel running during recovery (day 21 and 28). Mice were then
sacrificed and tissues were subjected to experimental procedures to investigate morphological
adaptations and satellite cell activity. The study design isolates the effects of voluntary wheel
running in the HSU+WR group for direct comparison to reambulation recovery (HSU+NoWR)
and non-HSU voluntary wheel running (ControlWR) to accurately evaluate previously described
specific aims and hypotheses.
The mouse gastrocnemius muscle was studied for morphological comparison, as it
comprises greater than 85% of the plantarflexion muscle mass (Brooks, unpublished data), making
it the most relevant and functionally important plantarflexor muscle for recovery. The
gastrocnemius is comprised of distinct areas of mixed fiber types or areas of solely type IIb/x
fibers, with the areas of mixed fiber types being most effected by HSU and voluntary wheel
running [20,57]. For analytical purposes, this study used published methods [61] to evaluate the
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areas of mixed fibers (Appendix Figure 2). For Western blots and 5-bromo-2’-deoxyuridine (BrdU)
quantification, the entire gastrocnemius was analyzed.
Mouse Model
Young adult (4-5 months of age), male and female C57BL/6 mice were obtained from
Jackson Labs and randomly assigned to five groups (n=6): 14 days of normal weight bearing
(Control), 14 days of HSU (HSU), 14 days of HSU + 14 days of re-ambulation (HSU+NoWR), 14
days of voluntary wheel running (ControlWR), or 14 days of HSU + 14 days of voluntary wheel
running (HSU+WR). BrdU was provided in the drinking water (0.8 mg/ml) during the final 14
days of the experiment to measure proliferation of muscle nuclei. Mice were housed individually
on a 12-hour light/dark cycle with access to food and water ad libitum. The animal care standards
were followed by adhering to the recommendations for the care of laboratory animals as advocated
by the American Association for Accreditation of Laboratory Animal Care and by following the
policies and procedures detailed in the Guide for the Care and Use of Laboratory Animals as
published by the United States Department of Health and Human Services and proclaimed in the
Animal Welfare Act (PL89-544, PL91-979, and PL94-279). All experimental procedures carried
approval by the Institutional Animal Care and Use Committee from West Virginia University.
Hindlimb Suspension Unloading (HSU)
HSU was conducted for 14 days as described previously [62,63]. Briefly, mice were
suspended by adhering orthopedic tape to the tail which was attached to a metal swivel at the top
of the cage, allowing for 360° of rotation and movement. The mice were elevated to a torso angle
of 30° or lowest angle to keep hindlimbs elevated. Mice were monitored daily. The HSU+NoWR
and HSU+WR mice were reloaded by removing the tail suspension and allowing normal cage
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ambulation. HSU+WR were additionally provided with a running wheel during reloading. Mice
had unrestricted access to food and water throughout.
Voluntary wheel running
Following 14 days of normal cage activity or HSU, mice in the ControlWR and HSU+WR
groups had their cages mounted with running wheels (cat. no. 0297-0050, Columbus Instruments,
Columbus, Ohio). The number of rotations of the running wheels was recorded daily via a
magnetic counter. Running wheel data was not collected on D14 and D21 as force and fatigue
measurements were conducted on these days. The Control and HSU+NoWR mice were housed in
identical cages but without running wheels.
In vivo isometric force measurements
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The effects of the treatments on muscle function were measured by in vivo plantarflexor
isometric maximal force and fatigue contractions as described previously [64]. Briefly,
measurements were taken at D0, D14, D21, and D28 (Fig. 1). Animals were anesthetized with a
mixture of 97% oxygen and 3% isoflurane gas and placed on a plate heated to 37°C. The right
hindlimb was then immobilized with the right ankle positioned at 90° flexion and secured to the
footplate of the dynamometer (Model 6350*358; Cambridge Technology Inc., Aurora Scientific
Inc., ON, Canada). Subcutaneous platinum were placed on either side of the tibial nerve. Maximal
force was measured by six sequential electrical impulses (10Hz, 25Hz, 50Hz, 75Hz, 100Hz, and
125Hz, 200 µs pulses) with a subsequent set of 180 contractions (40Hz; .1s duration with 200µs
pulse width) to measure rate of fatigue. Contractile data was analyzed offline (Dynamic Muscle
Analysis software; Aurora Scientific).
Body mass and tissue preparation
Animals were weighed prior to in vivo force measurements (D0, D14, D21, and D28).
Gastrocnemius muscles were surgically removed from the left hindlimb while the animals were
deeply anesthetized. Following muscle harvesting, mice were euthanized by myocardial
extraction. The gastrocnemius muscles were blotted to remove excess fluid and weighed. The left
gastrocnemius muscle was mounted on cork at optimal length in optimal cutting temperature
(OCT) compound (Tissue-Tek; Andwin Scientific, Addison, IL), frozen in liquid nitrogen cooled
methylbutane, and stored at -80°C until sectioned for immunohistochemistry. Following
sectioning, the left gastrocnemius muscle was removed from the OCT and stored for Western
blotting.
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Immunohistochemistry
Frozen gastrocnemius and soleus tissue, which were mounted on a cork block with OCT
compound, were cryostat sectioned (Leica CM3050 S, Wetzlar, Germany) at the mid-belly (10
µm) onto charged microscope slides (Thermo Fischer Scientific, Waltham, Massachusetts), airdried, and stored at -20°C until ready to be used. For BrdU/dystrophin detection, sections were
fixed with methanol/acetone (1:1) and permeabilized with 0.4% Triton X. Tissues were then
incubated in 2N HCl for 1hr at 37°C and then neutralized with borate buffer. Background detection
was blocked with 10% normal goat serum (S-1000; Vector Laboratories, Burlingame, California)
for 1hr prior to overnight incubation with primary mouse antibodies for BrdU (G3G4;
Developmental Studies Hybridoma Bank, Iowa City, Iowa) and dystrophin (MANDYS8;
Developmental Studies Hybridoma Bank) at 4°C. After washing in PBS, tissues were incubated
with goat anti-mouse antibodies for 2 hrs and mounted with coverslips. BrdU/dystrophin sections
were imaged using a Nikon Eclipse E800 upright microscope and analyzed for BrdU and cell count
using ImageJ software (National Institutes of Health, Bethesda, Maryland). For fiber type
detection, tissue sections were blocked with 10% normal goat serum (S-1000; Vector Laboratories)
for 1hr prior to overnight incubation of primary mouse antibodies for dystrophin (MANDYS8;
Developmental Studies Hybridoma Bank) and the following myosin heavy chains (MHCs): MHC
type I (BA-D5; Developmental Studies Hybridoma Bank), MHC type IIa (SC-71; Developmental
Studies Hybridoma Bank), and MHC type IIb (BF-F3; Developmental Studies Hybridoma Bank).
Sections were imaged using VS120 Virtual Slide Microscope (Waltham, Massachusetts) and
analyzed for fiber CSA and count using NIS-Elements software.
Inflammatory response was scored using a published method [20,65]. Briefly,
inflammation was scored in a blinded manner on a scale of 0-4: 0 = no inflammation, 1 = few
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scattered inflammatory cells, 2 = clusters of inflammatory cells, 3 = diffuse infiltrate of
inflammatory cells, 4 = dense sheets of inflammatory cells, including lymphoid follicles. All
BrdU-positive cells that were within dystrophin border were considered as inflammation for
determining the inflammatory score. Data is presented in Appendix Figure 3.
Western immunoblots
Samples were prepared using procedures previously described [55,62]. Approximately
seventy-five micrograms of muscle were homogenized in 200 µl of ice-cold RIPA buffer (1%
Triton x-100, 150 mM NaCl, 5 mM EDTA, 10 mM Tris; pH 7.4), containing a protease inhibitor
cocktail (cat. no. P8340; Sigma-Aldrich, St. Louis, Missouri), and phosphatase inhibitors (cat. no.
P2850, P5726; Sigma-Aldrich). The homogenate was centrifuged at 1000g for 10 minutes at 4°C.
The supernatant was measured for protein content (cat. no. 500-0116; Bio-Rad, Hercules,
California). 50 micrograms of protein was loaded into each well of a 4-12% gradient
polyacrylamide gel (cat. no. NP0335BOX; Invitrogen, Carlsbad, California) and separated by
routine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for 1 hour at
150V. Proteins were transferred to a nitrocellulose membrane for 1.5 hours at 30V. Non-specific
protein binding was blocked by incubating the membranes in 5% nonfat milk in Tris-buffered
saline containing 0.05% Tween 20 (TBST). The membranes were incubated (1:1000) overnight at
4°C with primary antibodies for Pax7 (ab187339, Abcam, Cambridge, United Kingdom), MyoD
(cat. no. 554130, BD Pharmingen, Franklin Lakes, New Jersey), and GAPDH (cat. no. MA515738, Thermo Fischer Scientific). The membranes were then washed in TBST and incubated in
appropriate dilutions of corresponding secondary antibodies (1:5000; diluted in 5% nonfat milk)
conjugated to horseradish peroxidase (Cell Signaling Technology, Boston, Massachusetts). The
signals were developed using an enhanced chemiluminescent substrate (ca. no. 34075; Thermo
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Scientific) and autoradiographic signals were assessed using a G:Box Bioimaging System
(Syngene, Frederick, Maryland). Band intensity was normalized to GAPDH using ImageJ software
(NIH).
Statistical Analysis
Results are reported as mean ± SE. Data were analyzed using GraphPad Prism software
(GraphPad Software, La Jolla, California) using one-way or two-way ANOVA. Tukey post hoc
analyses were performed if significance was detected. Significance was established at P ≤ 0.05. In
clearly noted instances, unpaired t-tests were used for less stringent comparison.

- 17 -

Chapter 4 – Manuscript

Voluntary wheel running improves recovery from muscle
disuse in mice

Matthew J. Brooks1, Junaith S. Mohamed1, and Stephen E. Alway1

1

Laboratory of Muscle Biology and Sarcopenia, West Virginia University School of Medicine,
Morgantown, WV 26506
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Abstract
The reloading of atrophied muscles from weightlessness or disuse results in injury and
prolonged recovery. Satellite cells, or muscle stem cells, have a key role in facilitating injuryinduced muscle repair but have not been shown to be required in muscle remodeling following
atrophy. However, it has been less clear if low-impact exercise, such as voluntary wheel running,
could provide a sufficient stimulus to enhance muscle recovery from atrophy through satellite cell
activation. This study aimed to determine if voluntary wheel running improved recovery from
muscle disuse following hindlimb suspension unloading (HSU), and if the recovery was associated
with exercise-induced satellite cell activity. Young adult male and female C57BL/6 background
mice (n=6/group) were subjected to either 14 days of normal weight bearing, 14 days of HSU, 14
days of HSU + 14 days of re-ambulation, 14 days of voluntary wheel running, or 14 days of HSU
+ 14 days of voluntary wheel running. Mice were given 5-bromo-2’-deoxyuridine (BrdU) in their
drinking water during the final 14 days of the experiment to measure satellite cell proliferation in
gastrocnemius muscle fibers. HSU significantly reduced in vivo maximal force and decreased the
rate of fatigue in the plantarflexor muscles. Voluntary wheel running during reloading after HSU
significantly improved resistance to fatigue, which was associated with significant increases in
both muscle fiber cross sectional area (CSA) and an increased percentage of oxidative type IIA
muscle fibers in the gastrocnemius muscle as compared to the mice recovering without exercise.
BrdU positive nuclei that had proliferated and were located inside the muscle sarcolemma were
identified by immunohistochemical labeling and quantified in tissue cross sections. Following
HSU, wheel running mice had a significantly greater percentage of BrdU positive nuclei that were
inside gastrocnemius muscle fibers. Western blot analysis showed HSU mice with wheel running
had a higher MyoD to Pax7 ratio as compared to mice that did not exercise after HSU. Mice in the
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wheel running group had significantly improved fatigue resistance, a significantly increased
oxidative fiber phenotype, and significantly increased fiber CSA as compared to non-exercised
animals after HSU. These results indicate that voluntary wheel running increased satellite cell
activity during the recovery phase following HSU and this was associated with improved recovery
from muscle disuse. While satellite cells did not exhibit increased activity in passive recovery
(non-wheel running), manipulating their activation through low-impact exercise appeared to
enhance morphological recovery and improve muscle function.
Key Words: hindlimb suspension, satellite cells, voluntary wheel running, atrophy

Introduction
A high degree of muscle plasticity is evident in models of skeletal muscle atrophy and
recovery [1–3]. Muscle atrophy, whether occurring from a primary cause such as unloading (i.e.
microgravity, bed rest, or inactivity) or secondarily to changes in age, nutrition, or disease, results
in an inherent loss of muscle function and strength that contributes to mobility impairment and
decreased quality of life [1,3–7]. Understanding and determining therapeutic targets in the
reloading phase following muscle wasting has critical implications for designing and developing
treatment plans which can improve rehabilitation, reduce healthcare costs, and prevent further
muscle damage.
Muscle disuse atrophy is characterized by decrements in muscle force, mass, and crosssectional area (CSA), as well as by a phenotypic shift of an oxidative myosin heavy chain (MHC)
profile (type I and type IIa) to a more glycolytic composition (type IIb/x) [1,8,9]. Aerobic exercise
induces a type IIb/x to type I/IIa fiber type switch in muscle and in some cases, increases CSA,
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and has been identified as a potential therapy to improve recovery from disuse atrophy [10–12].
However, atrophied muscles are susceptible to injury and exercising can cause further damage and
delay recovery [11,13,14]. While 7 days of voluntary wheel running following hindlimb
suspension unloading (HSU) was reported to recover muscle mass, CSA, and fatigue resistance,
the lack of a control group during recovery raises the possibility that the results may not be due to
the exercise per se [12]. Nevertheless, voluntary wheel running appeared to be a viable approach
for investigating exercise during reloading without causing debilitating damage.
Multiple mechanisms affect HSU atrophy and recovery, and there is a lack of consensus of
which mechanisms should be targeted [2,10,15–18]. One of the proposed mechanisms is satellite
cell mediated recovery after muscle atrophy. Satellite cells are quiescent muscle stem cells that lie
between the basal lamina and sarcolemma of myofibers and are known to be vital for muscle
growth and repair [19]. Satellite cells have been established to be integral in the recovery from
muscle damage [19] and several studies have shown similar roles during the management of
unloading recovery [20,21]. However, muscle unloading has been shown to inhibit satellite cell
proliferation [22] and a transgenic mouse model study convincingly demonstrated that the initial
phase of recovery is not dependent on stimulating satellite cell proliferation [23]. Nevertheless, it
is unknown if satellite cell proliferation would affect early recovery from muscle disuse.
The primary aim of the present study was to determine if voluntary wheel running
improved functional and morphological recovery from muscle disuse following hindlimb
suspension unloading (HSU). Voluntary wheel running has been shown to increase satellite cell
proliferation [24–26]. Therefore, the secondary aim of the study was to evaluate if voluntary wheel
running during reloading provided a sufficient stimulus to activate satellite cells and enhance
muscle recovery after HSU.
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Material and Methods
Mouse Model
Young adult (4-5 months of age), male and female C57BL/6 mice were obtained from
Jackson Labs and randomly assigned to five groups (n=6): 14 days of normal weight bearing
(Control), 14 days of HSU (HSU), 14 days of HSU + 14 days of re-ambulation (HSU+NoWR), 14
days of voluntary wheel running (ControlWR), or 14 days of HSU + 14 days of voluntary wheel
running (HSU+WR). 5-bromo-2’-deoxyuridine (BrdU) was provided in the drinking water (0.8
mg/ml) during the final 14 days of the experiment to measure cell proliferation. Mice were housed
individually on a 12-hour light/dark cycle with access to food and water ad libitum. The animal
care standards were followed by adhering to the recommendations for the care of laboratory
animals as advocated by the American Association for Accreditation of Laboratory Animal Care
and by following the policies and procedures detailed in the Guide for the Care and Use of
Laboratory Animals as published by the United States Department of Health and Human Services
and proclaimed in the Animal Welfare Act (PL89-544, PL91-979, and PL94-279). All
experimental procedures carried approval by the Institutional Animal Care and Use Committee
from West Virginia University.
Hindlimb Suspension Unloading (HSU)
HSU was conducted for 14 days as described previously [27,28]. Briefly, the hindlimb
muscles of mice unloaded by adhering orthopedic tape to the tail which was attached to a metal
swivel at the top of the cage, allowing for 360° of rotation and movement. The mice were elevated
to a torso angle of 30° or lowest angle to keep hindlimbs elevated. Mice were monitored daily.
The HSU+NoWR and HSU+WR mice were reloaded by removing the tail suspension and
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allowing normal cage ambulation. HSU+WR were additionally provided with a running wheel
during reloading. Mice had unrestricted access to food and water throughout the HSU and recovery
periods.
Voluntary wheel running
Following 14 days of normal cage activity or HSU, mice in the ControlWR and HSU+WR
groups had their cages mounted with running wheels (cat. no. 0297-0050, Columbus Instruments,
Columbus, Ohio). The Control and HSU+NoWR mice were housed in identical cages but without
running wheels.
In vivo isometric force measurements

The effects of the treatments on muscle function were measured by in vivo plantarflexor
isometric maximal force and fatigue contractions as described previously [29]. Briefly,
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measurements were taken at day 0 (D0), D14, D21, and D28 (Fig. 1). Animals were anesthetized
with a mixture of 97% oxygen and 3% isoflurane gas and placed on a plate heated to 37°C. The
right hindlimb was then immobilized with the right ankle positioned at 90° flexion and secured to
the footplate of the dynamometer (Model 6350*358; Cambridge Technology Inc., Aurora
Scientific Inc., ON, Canada). Subcutaneous platinum were placed on either side of the tibial nerve.
Maximal force was measured by six sequential electrical impulses (10Hz, 25Hz, 50Hz, 75Hz,
100Hz, and 125Hz) with a subsequent set of 180 contractions (40Hz; .1s duration with 200µs pulse
width) to measure rate of fatigue. Contractile data was analyzed offline (Dynamic Muscle Analysis
software; Aurora Scientific).
Body mass and tissue preparation
Mice were weighed prior to in vivo force measurements (D0, D14, D21, and D28).
Gastrocnemius muscles were surgically removed from the left hindlimb while the animals were
deeply anesthetized. Following muscle harvesting, mice were euthanized by myocardial
extraction. The gastrocnemius muscles were blotted to remove excess fluid and weighed. The left
gastrocnemius muscle was mounted on cork at optimal length in optimal cutting temperature
(OCT) compound (Tissue-Tek; Andwin Scientific, Addison, IL), frozen in liquid nitrogen cooled
methylbutane, and stored at -80°C until sectioned for immunohistochemistry. Following
cryosectioning, the left gastrocnemius muscle was removed from the OCT and processed for
Western blotting.
Immunohistochemistry
Frozen 10 µm sections were obtained on a cryostat (Leica CM3050 S, Wetzlar, Germany)
from the mid-belly of the gastrocnemius muscles. Tissue sections were placed on charged
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microscope slides (Thermo Fischer Scientific, Waltham, Massachusetts), air-dried, and stored at 20°C until ready to be used. For BrdU/dystrophin detection, the sections were fixed in
methanol/acetone (1:1) and permeabilized with 0.4% Triton X. Tissues. The sections were washed
in phosphate buffered saline (PBS) then incubated in 2N HCl for 1hr at 37°C and finally
neutralized with borate buffer. Non-specific protein detection was blocked with 10% normal goat
serum (S-1000; Vector Laboratories, Burlingame, California) for 1hr prior to overnight incubation
of primary mouse antibodies for BrdU (G3G4; Developmental Studies Hybridoma Bank, Iowa
City, Iowa) and dystrophin (MANDYS8; Developmental Studies Hybridoma Bank) at 4°C. After
washing in PBS, tissues were incubated with goat anti-mouse antibodies for 2 hrs and mounted on
coverslips. BrdU/dystrophin sections were imaged using a Nikon Eclipse E800 upright microscope
and analyzed for BrdU and cell count using ImageJ software (National Institutes of Health,
Bethesda, Maryland). For fiber type detection, sections were blocked with 10% normal goat serum
(S-1000; Vector Laboratories) for 1hr prior to overnight incubation of primary mouse antibodies
for dystrophin (MANDYS8; Developmental Studies Hybridoma Bank) and the following myosin
heavy chains (MHCs): MHC type I (BA-D5; Developmental Studies Hybridoma Bank), MHC
type IIa (SC-71; Developmental Studies Hybridoma Bank), and MHC type IIb (BF-F3;
Developmental Studies Hybridoma Bank). Sections were imaged using VS120 Virtual Slide
Microscope (Waltham, Massachusetts) and analyzed for fiber CSA and count using NIS-Elements
software.
As HSU and voluntary wheel running elicit greater responses in oxidative fiber types, we
identified areas within the gastrocnemius muscle cross sections that contained higher oxidative
fiber compositions as described earlier [30]. Rather than regional selections of fibers, the entire
gastrocnemius was measured in other assays.
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Western immunoblots
Tissue samples were prepared using procedures previously described [21,27].
Approximately 75 micrograms of muscle was homogenized in 200 µl of ice-cold RIPA buffer
(1% Triton x-100, 150 mM NaCl, 5 mM EDTA, 10 mM Tris; pH 7.4), containing a protease
inhibitor cocktail (cat. no. P8340; Sigma-Aldrich, St. Louis, Missouri), and phosphatase inhibitors
(cat. no. P2850, P5726; Sigma-Aldrich). The homogenate was centrifuged at 1000g for 10 minutes
at 4°C. The supernatant was collected and measured for protein content (cat. no. 500-0116; BioRad, Hercules, California). 50 micrograms of protein was loaded into each well of a 4-12%
gradient polyacrylamide gel (cat. no. NP0335BOX; Invitrogen, Carlsbad, California) and
separated by routine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for
1 hour at 150V. Proteins were transferred to a nitrocellulose membrane for 1.5 hours at 30V. Nonspecific protein binding was blocked by incubating the membranes in 5% nonfat milk in Trisbuffered saline containing 0.05% Tween 20 (TBST). The membranes were incubated (1:1000)
overnight at 4°C with primary antibodies for Pax7 (ab187339, Abcam, Cambridge, United
Kingdom), MyoD (cat. no. 554130, BD Pharmingen, Franklin Lakes, New Jersey), and GAPDH
(cat. no. MA5-15738, Thermo Fischer Scientific). The membranes were then washed in TBST and
incubated in the appropriate secondary antibodies (1:5000; diluted in 5% nonfat milk) that were
conjugated to horseradish peroxidase (Cell Signaling Technology, Boston, Massachusetts).The
signals were developed using an enhanced chemiluminescent substrate (ca. no. 34075; Thermo
Scientific)

and autoradiographic signals were assessed using a G:Box Bioimaging System

(Syngene, Frederick, Maryland). Band intensity was normalized to GAPDH using ImageJ software
(NIH).
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Statistical Analysis
The results are reported as mean ± SE. Data were analyzed using GraphPad Prism software
(GraphPad Software, La Jolla, California) using one-way or two-way ANOVA. Tukey post hoc
analyses were performed if significance was detected. Significance was established at P ≤ 0.05. In
a few clearly noted instances, unpaired t-tests were used for less stringent comparison.

Results
Voluntary wheel running
Voluntary wheel running was measured daily as km run beginning on D15 (Fig. 2).
Running occurred nearly exclusively during the 12hr dark-cycle. Data were excluded from D15
and D22 as in vivo maximum force and fatigue measurements were taken during the preceding
light-cycle (D14, D21). The HSU+WR group ran only 56% of the distance that ControlWR mice
ran during D16-18, although this did not reach statistical significance (P=0.13). This observation
was consistent with other data for reloading atrophied muscles in mice [12]. Following the initial
reloading, the HSU+WR group ran equidistant to the ControlWR group, consistent with previous
studies [12].
Body and gastrocnemius mass
Two weeks of HSU resulted in a significant decrease in body mass (BM) (Fig. 3A) and
gastrocnemius mass (Fig. 3B). BM was normalized to the initial BM value (BM0) and
gastrocnemius mass was normalized to terminal BM. There was no detectable change in BM or
gastrocnemius mass from initial values by D7 of recovery for both the HSU+NoWR and HSU+WR
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groups. Voluntary wheel running (ControlWR) had a statistically significant increase in body mass
compared to the Control group. The gastrocnemius mass decreased in the ControlWR group,
although this was likely a result of the normalization to body mass.
There were no significant differences between male and female mice within any of the
groups (Appendix Fig. 1).
Maximum force and fatigue rate
Maximum force and fatigue were measured in vivo. Maximum force is presented as a
percentage of initial tetanic maximum force output (FO) (Fig. 4A). Maximum force decreased
27% following 2 weeks of HSU but there was no statistically significant difference between
control and recovery measurements. Although not statistically significant, the 20% decrease
(P=0.11 vs. Control) in maximum tetanic force of the HSU+WR group at D7 of recovery suggests
that reloading with voluntary wheel running delays the initial recovery of maximum force.
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The rate of fatigue in the current study is presented as the rate of change from maximum
force to force that was generated at the final contraction in the fatigue test (Fig. 4B). A decrease
in the fatigue rate is interpreted as an improvement of fatigue resistance. The ControlWR group
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significantly decreased fatigue rate by 32% after 14 days of wheel running. Interestingly, the HSU
group also significantly decreased fatigue rate by 20%. The HSU+NoWR group returned to preHSU rates by D7 of recovery and did not change after by D14. Meanwhile, the HSU+WR group
fatigue rate remained unchanged after the first 7 days of reloading, but the fatigue rate continued
to decrease through the second week of reloading. By D14 of recovery, the HSU+WR group
fatigue rate was 42% less than the Control group. The ANOVA did not detect significance between
the HSU+WR group and the ControlWR at D14 of recovery, but the data trend is indicative of a
protective measure against the underlying atrophy mechanism that reduced fatigue resistance.
Fiber type frequency and cross sectional area
HSU has been reported to cause oxidative-to-glycolytic fiber type switching as well as
targeted

atrophy

of

oxidative

fibers

[1].

These

effects

were

evaluated

through

immunohistochemical staining of myosin heavy chain (MHC) (Fig.5).
Type I fiber percentage showed no difference between groups using two-way ANOVA.
However, t-tests showed statistical decreases in type I fibers of 56% from Control to HSU
(P=0.05) and of 73% from Control to HSU+WR (P=0.01). Type IIa) fiber frequency analysis (as
measured using two-way ANOVA and post-hoc Tukey test) showed that the ControlWR group
had a significant increase of 66% (P<0.05) compared to the Control group.
Furthermore, the HSU+WR and ControlWR groups had significantly elevated frequencies
of type IIa fibers compared to the HSU group (95% and 139%, P<0.05 respectively) and the
HSU+NoWR group (60% and 97%, respectively). Type IIb/x fiber frequencies were inversely
related to type IIa changes. The ControlWR and HSU+WR group had significantly fewer type
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IIb/x fiber than Control (-41% and -24%, P<0.05 respectively), HSU (-54% and -41%, P<0.05
respectively), and HSU+NoWR (-49% and -38%, P<0.05 respectively).
Compared to the Control group, unloading-induced atrophy resulted in a significant
decrease of type I (-39%, P<0.05), IIa (-43%), and IIb/x (-21%, P<0.05) fiber CSA (Fig. 5G).
Normal ambulation during recovery (HSU+NoWR) significantly improved the CSA in all fiber
types, but both IIa and IIb/x fibers remained significantly smaller (P<0.05) than Control fiber sizes.
The wheel running control (ControlWR) group had a significantly greater type I (31%, P<0.05)
and IIb/x (23%, P<0.05) fiber CSA compared to Control mice. Of particular interest is that the
HSU mice with 2 weeks of voluntary wheel running (HSU+WR) had significantly larger type IIa
(43%, P<0.05) and type IIb/x (34%, P<0.05) fibers compared to mice that did not have access to
wheel running during recovery (HSU+NoWR).
Satellite Cell Activity
Satellite cell proliferation was assessed by measuring BrdU incorporation into myonuclei
(Fig. 6), Pax7 expression (Fig. 7A), and MyoD expression (Fig. 7B). BrdU is a thymidine analog
that is used to detect cell proliferation. When activated, satellite cells can proliferate, differentiate,
and fuse with existing myofibers, leading to myonuclear accretion [31]. In this study, voluntary
wheel running increased BrdU incorporation 2-fold compared to the Control group, consistent with
previously published data [24]. Hindlimb suspension decreased cell proliferation and BrdU
incorporation into satellite cells was rarely found. Reloading the muscle following hindlimb
suspension significantly increased BrdU levels compared to the Control (HSU+NoWR: 3-fold
increase, P<0.05; HSU+WR: 6-fold increase, P<0.05). The HSU+WR group had the greatest
incorporation of nuclear BrdU with a 6-fold increase (P<0.05) compared to the Control group and
2-fold increase (P<0.05) compared to the HSU+NoWR group.
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Pax7 is expressed by quiescent and non-differentiating satellite cells, and for this reason it
is an effective marker for satellite cell quantity. Pax7 has also been shown to indirectly interfere
with MyoD expression [32]. Accordingly, increased quantities of Pax7 is indicative of larger
satellite cell populations, while a loss of Pax7 expression and an increase in MyoD expression
indicates satellite cell differentiation. In this study, Western blot analysis was used to measure both
Pax7 and MyoD expression (Fig. 7) in muscle homogenates. Due to the presence of variance in
the data, a two-way ANOVA analysis did not detect any significant differences. However, it is
likely that that a larger group size would have produced significant differences between the
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experimental groups. Therefore, we analyzed group differences between MyoD and Pax 7 (Fig. 7)
using unpaired t-tests (P ≤ 0.1).
Pax7 expression was unchanged following HSU and during reloading without the use of
running wheels (HSU+NoWR). However, the HSU+NoWR group had a large variance due to the
presence of two groupings of expression, one concentrated at significantly increased levels of Pax7
and one cluster that remained at levels similar to the Control group. This could be an indication
that at D14, satellite cells may have been proliferating in a secondary phase of recovery in muscles
of some mice while other mice may have still been in the initial, non-satellite mediated recovery
stage at the point that the study was terminated. Although not achieving statistical significance,
the ControlWR mice increased Pax7 expression (2-fold) due to wheel running compared to
controls, corresponding with previous studies that found wheel running increases satellite cell
proliferation [25]. The HSU+WR group had low expression of Pax7 and this was consistently
found to be significantly lower than the protein abundance for the HSU+NoWR group.
MyoD protein abundance was significantly greater in the ControlWR (3.5-fold, P<0.05),
HSU+NoWR (6-fold, P<0.05), and HSU+WR (12-fold, P<0.05) groups. MyoD protein abundance
was not statistifcally different between the HSU+NoWR and HSU+WR. This was likely due to a
large degree of variance in the HSU+WR group. However, the increased incorporation of BrdU in
nuclei of the HSU+WR group, along with decreased expression of Pax7, and increased expression
of MyoD is supportive of the hypothesis that satellite cells can be activated and incorporated into
myofibers in mice that have access to wheel running during reloading.
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Discussion
There is currently no treatment to prevent muscle atrophy from disuse as modeled by HSU.
As such, there is a need for improving the recovery process. Endurance exercise has been identified
as a potential therapy, as its many adaptations provide opposing effects to unloading [11,12]. In
rats, treadmill training was shown to have some long term benefits, but at the cost of muscle injury
during early reloading [11]. Voluntary wheel running for 7 days following HSU was shown to
recover performance to a level that is comparable to non-suspended mice who had access to
voluntary wheel running for 7 days [12].
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Voluntary wheel running minimized damage to atrophied muscles
Mice that were suspended ran less (P=0.13) for the first 3 days of recovery than nonsuspended mice (Fig. 2). This initial self-withdrawal from exercise illustrates the advantage of
allowing the mice to determine what level of exercise they can handle to presumably eliminate any
experimentally induced injury, such as that seen in treadmill training [11]. It has been suggested
that factors that influence the mice to initially limit running may include unaccustomed weight
bearing, soreness, and or transient injury [12]. The only non-beneficial effect of wheel running
during reloading was evidenced by an 8% difference in maximum force recovery at D7 (P=0.58
using t-test). At D7 of reloading, both mice with and without access to wheel running regained the
HSU-related body weight loss and fatigue resistance was improved in mice with wheel running.
Taken together, there is no indication that there was any debilitating injury as result of the wheel
running. If transient injury did occur, it is important to note that wheel running allowed mice to
exercise at a rate that did not further exacerbate the injury.
Voluntary wheel running improved functional recovery
The primary purpose of this study was to determine if voluntary wheel running improved
functional recovery during the reloading of atrophied muscles. This analysis was based on three
factors: muscle mass, maximal force, and fatigue rate. Muscle mass and maximal force production
were not significantly affect by the use of the running wheels. This was expected because the
aerobic nature of wheel running exercise is a low impact activity that is devoid of significant injury.
The methods of measuring fatigue in HSU studies is highly variable, with each method
being able to determine only specific aspects of the complex physiological processes that are
responsible for fatigue. To the best of our knowledge, the only previous study that has used wheel
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running during HSU recovery model used “rate of fatigue” (a measure of fatigue resistance) to
analyze fatigue [12]. The increased fatigue resistance measured in the present study is consistent
with the only other HSU study with voluntary wheel running during recovery [12]. This improved
fatigue resistance, which contrasts data gathered by ex vivo fatigue analysis [1], was proposed to
be a pseudo effect caused by the muscle continuing to produce high levels of energy substrate even
though there is a reduction in contractile proteins [12].
A novel finding from this study is that wheel running improved the fatigue rate of hindlimb
muscles in mice during recovery. It was recently reported that in situ fatigue resistance of the
soleus worsens following HSU for at least 15 days, before eventually fully recovering fatigability
by 60 days of recovery via normal ambulation after HSU [1]. Our results demonstrate that access
to wheel running decreases fatigue rate after 7 days of recovery, which is consistent published data
[12], and continues to decrease fatigue through the 14 measured days of recovery, representing a
significant improvement as compared to no running after HSU.
Voluntary wheel running improves recovery from selective atrophy of oxidative fibers
At a morphological level, the beneficial effects of wheel running become even clearer. The
selective atrophy to oxidative fibers (type I and IIa) was consistent with published data (Fig. 5)
[1,9,12]. A novel finding was that wheel running during reloading improved the oxidative
phenotype of the gastrocnemius muscle, providing supporting evidence to the enhanced resistance
to fatigue. The percentage of type IIa fibers was significantly increased while the percent of type
IIb/x fibers decreased with wheel running, favoring a fiber type shift of the muscle profile from
glycolytic to more oxidative fibers. The gastrocnemius muscle contained too few type I fibers for
this study to reach statistical significance, although the data suggested that voluntary wheel
running increased the percentage of type I fibers, consistent with the oxidative shift seen in type
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IIa fibers. Furthermore, type IIa and IIb/x fibers had significantly larger CSA’s, providing
additional evidence of the efficacy of voluntary wheel running as a treatment.
Voluntary wheel running activated satellite cells
We hypothesized that voluntary wheel running would provide a sufficient stimulus to
activate satellite cells during recovery without inducing injury. Satellite cells are known to be
active in recovery from injury, but have not been established to have a role in normal reambulation
reloading following HSU [23]. However, the question remained whether manipulating satellite
cells to become activated during reloading would have an effect on muscle remodeling. A
significant finding of this study is that voluntary wheel running during reloading does provide a
sufficient stimulus to activate satellite cells, and that satellite cells do have a role in the improved
muscle remodeling.
Figure 6 shows that new (BrdU-positive) nuclei are incorporated into reloaded myofibers
as a result of voluntary wheel running. Pax7 is expressed in quiescent and proliferating satellite
cells, but is down regulated as satellite cells differentiate and begin to express MyoD (Fig. 7). At
14 days of recovery, the incorporation of BrdU into myofibers, decreased expression of Pax7, and
the increased expression of MyoD is interpreted as satellite cells having been activated,
differentiated, and fused into existing myofibers. In the non-wheel running reloaded group, there
was a modest increase in the number of BrdU positive nuclei, coupled with some of the mice
within the group expressing high levels of Pax7, while others began to show minor increases in
MyoD expression. We believe that this is due to a delayed response in satellite cell activation.
Hypertrophy during the first two weeks of recovery occurs even when satellite cells are ablated
[23], but a secondary adaptation in muscle recovery has been reported in soleus muscles beginning
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after 14 days of reloading [1]. The potential of satellite cells as mediating the secondary adaptation
during HSU reloading warrants further investigation.
We speculate that satellite cell fusion has an active role in the morphological changes that
occur during reloading with voluntary wheel running. A significant decrease in satellite cell
activity is evidenced during the early phases of HSU [33]. This decrease precedes the oxidativeto-glycolytic fiber type shift, suggesting a relationship between myonuclear content and fiber type
profile [33–35]. While it has been shown that type IIa fiber frequency can increase following 8
weeks of voluntary wheel running in satellite cell depleted mice, depletion of satellite cells also
resulted in less distance run, slower velocities, impaired gait, and decreased grip strength [36]. We
believe that the early role of satellite cell proliferation and fusion in muscle remodeling following
atrophy warrants further investigation. HSU+WR mice had significantly more BrdU-positive
nuclei than ControlWR mice. Additionally, the HSU+WR group had greater magnitudes of CSA
increase during the 2 weeks of voluntary wheel running compared to the ControlWR mice (Fig.
5G). The HSU+WR group increase in CSA of type I and type IIb/x fibers from post-HSU values
was 2-fold greater than the percent increase ControlWR mice had from Control values. The
ControlWR group had no CSA increase in type IIa fibers, but the HSU+WR group increased type
IIa fiber CSA by 96%, as compared to the initial value of when voluntary wheel running was
introduced (Control group and HSU group, respectively). These differences suggest that the
morphological changes caused by voluntary wheel running are enhanced following atrophy, and
this occurs with a significant increase in satellite cell incorporation. However, the present study
design lacks the ability to differentiate whether the roles of exercise, satellite cells, or a combined
effect of both are responsible for mediating specific adaptations to remodeling the muscle
following atrophy.

- 39 -

Voluntary wheel running provides protective adaptation
Although not reaching statistical significance, suspended mice ran 26% further (P=0.054)
than the non-suspended mice during the second week of wheel running. This is likely an indication
that the reloaded muscle is actually compensating during reloading, as a result of wheel running
stimulating a response that occurs solely in mice that were suspended. This is further evidenced in
the evaluation of fatigue rate. Mice that were suspended were trending toward greater fatigue
resistance than non-suspended mice that had access to wheel running (Fig. 4B). The increased
fatigue resistance is consistent with the increased oxidative fiber type composition of the
gastrocnemius muscle (Fig. 5). This compensation of increased oxidative features in the
gastrocnemius muscle is in line with the secondary adaptation of an increase in type I fibers that
is present in the soleus muscle, potentially as protective mechanism, after the first 2 weeks of
reloading in mice [1].
The results indicate that the improvements in fatigue resistance are directly related to the
morphological and potentially biochemical. Although we did not measure mitochondrial enzyme
activity or abundance as this was outside the scope of this study, we hypothesize that the exercised
muscles have improved mitochondrial function. PGC-1α overexpression upregulates
mitochondrial pro-fusion enzymes, providing a protective effect against disuse-atrophy [16]. The
role of PGC-1α during recovery has yet to be studied, and could potentially be a critical mediator
of the mechanisms responsible for the improved muscle remodeling caused by voluntary wheel
running.
Limitations. While we utilized the wheel running as a tool that would avoid causing unnecessary
injury while retaining the benefits of exercise, we cannot fully rule out the possibility that the
wheel running did cause some damage to muscle fibers or their membranes.
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A small limitation of this study is the inability to definitively prove that BrdU labeled nuclei
are solely from satellite cells, but the preponderance of evidence suggests that the BrdU labeled
nuclei are from satellite cells origins. The use of satellite-cell depleted transgenic mice could
provide more definitive insight into the specific role of satellite cells in exercise mediated atrophy
recovery.

Conclusion
This study revealed the novel finding that voluntary wheel running effectively improves
the recovery of muscle function and morphology following HSU. Additionally, the study
establishes novel evidence that satellite cells have a role in initial reloading, but require an
underlying “priming” stimulus such as that provided by exercise to be activated. The results
provide a rationale for conducting further studies that manipulate satellite cell activation as a
therapeutic treatment for muscle disuse atrophy. Future investigation will be necessary to
determine the exact roles and mechanisms of wheel running and satellite cells in recovery of
muscle function and mass after HSU or other models of muscle disuse.
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Chapter 5 – Findings & Future Research
The experiment was designed with 5 groups: Control, ControlWR, HSU, HSU+NoWR,
and HSU+WR. By doing so we established that atrophy occurred in the gastrocnemius muscle
(HSU vs. Control). Furthermore, we compared the effects of reloading with or without voluntary
wheel running (HSU+NoWR vs. HSU+WR). Additionally, a control for voluntary wheel running
was used to compare the relative magnitude of wheel running effects in non-suspended vs HSU
mice (ControlWR vs. HSU+WR).
Specific Aim 1
Specific Aim 1 was to determine the effect of voluntary wheel running on muscle function
following HSU. This aim was evaluated using in vivo maximal tetanic force and fatigue rate
measurements. Mice were evaluated at the beginning of the study, following HSU, D7 recovery,
and D14 recovery.
We found that the HSU model elicited a loss of mass and a decrease in force output, and a
pseudo improvement in fatigue rate, consistent with published works [2,20,34]. Furthermore, our
in vivo rate of fatigue measurement showed that HSU improved fatigue resistance, which is
consistent with published data [2] but has been proposed to be a pseudo effect due to the muscle
continuing to produce high levels of energy substrate even though the there is a reduction in
contractile proteins [2]. A finding of particular interest in our study was that rather than first
returning to baseline levels, HSU+WR mice retained fatigue resistance for the first 7 days after
reloading and then enhanced fatigue resistance during the second 7 days of reloading. The
improved fatigue resistance correlated with increased fiber CSA and a glycolytic-oxidative shift
in fiber type frequency. It was recently discovered that during normal reambulation after HSU, in
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situ fatigue resistance of the soleus actually worsened following HSU for at least 15 days, before
eventually fully recovering fatigability by 60 days of recovery [20]. Our results indicate that
voluntary wheel running provides a prompt and effective therapy for improving functional
recovery.
Maximal force output, muscle mass, and body mass were all fully recovered by D14 in
both HSU+NoWR and HSU+WR mice.
Specific Aim 2
Specific Aim 2 was designed to determine the effect of voluntary wheel running on satellite
cell proliferation and muscle morphology following HSU. This aim was evaluated using
immunohistochemical staining and Western blot analysis at the conclusion of the study.
Satellite cells were activated in response to voluntary wheel running following HSU. A
significant increase in BrdU-positive nuclei were found within the dystrophin border of
gastrocnemius muscle fibers in the HSU+WR group. At 14 days of recovery, the incorporation of
BrdU into myofibers, along with the decreased expression of Pax7, and the increased expression
of MyoD is interpreted as satellite cells having been activated, differentiated, and fused into
existing myofibers.
HSU+NoWR mice had significant increase in BrdU-positive nuclei during reloading,
although this increase was significantly less than the HSU+WR group. A previous study published
that the first 14 days of reloading recovery was not dependent on satellite cell activity [34]. Our
findings are not necessarily inconsistent with that idea because we could not establish that the
BrdU positive satellite cells had an active role in remodeling up to D14. The continued expression
of Pax7 and only modest increases in MyoD expression suggest that satellite cells were
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proliferating at the point of muscle extraction, but have not yet differentiated and become
myonuclei. The potential of a delayed onset in satellite cell activation during reloading following
HSU is intriguing as the timing corresponds with the secondary adaptation phenomenon in HSU
recovery described as beginning after the first 15 days of recovery [20] and warrants further
investigation.
Voluntary wheel running also had an effect on tissue morphology. In contrast to
HSU+NoWR mice, the HSU+WR mice had significantly greater frequencies of type IIa fibers, an
oxidative glycolytic fiber type, and significantly decreased frequencies of type IIb/x fibers, a
glycolytic fiber type. Although the type I frequency distribution in HSU+WR type I fibers did not
reach significance, they were 5.5 times greater than the HSU+NoWR group. These changes in
fiber frequency are evidence of enhanced glycolytic-to-oxidative fiber-type switching in the
HSU+WR group. There were no significant differences between fiber type distribution in the
gastrocnemius muscle of the HSU group and the HSU+NoWR group, implying that voluntary
wheel running is responsible for the changes in fiber-type switching.
Although debated, some studies have suggested that myonuclear accretion is required for
fiber-type switching [57,66]. A future study could clarify the role of satellite cell involvement in
fiber type switching by using a satellite cell ablation model combined with voluntary wheel
running following HSU.
In addition to changes in fiber type, HSU+WR mice significantly increased the CSA of all
fiber types as compared to the control. HSU+NoWR mice also had significant increases in the
CSA of all fiber types, but the increases were significantly less than those of HSU+WR mice.
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Chapter 6 – Limitations
Study Design
A limitation in this study design is that the results are not directly translational to humans.
Mice are small rodents and the effect of body weight loading on atrophied muscles has not been
determined to be of a similar scale. Moreover, voluntary wheel running is viewed as a model to
introduce low impact exercise, rather than as therapeutic recommendation for optimal exercise
quantity.
Specific Aim 1
While the study monitored changes in force and fatigue at day 7 and 14 of recovery, these
time-points are snapshots of the full recovery process. Due to variability in the distance
individual mice ran or were affected by HSU, these points in recovery may not represent
precisely equivalent progression of recovery within individual mice of the group.
Specific Aim 2
The study design did not permit us to determine the component of voluntary wheel running
(e.g., distance run, running speed, intervals, potential for injury or adaptation, etc.) that might have
been most important for activating satellite cells. Furthermore, voluntary wheel running could
activate satellite cells by muscle injury and/or muscle adaptation to increased activity [57]. In this
study, we were unable differentiate whether the muscle adaptation to voluntary wheel running or
transient injury during reloading provided the requisite stimulus for satellite cell activation.
A small limitation of this study was that we were unable to definitively prove that BrdU
labeled nuclei are solely from satellite cells, but the preponderance of evidence suggests that the
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BrdU labeled nuclei are from satellite cells origins. The use of satellite-cell depleted transgenic
mice could provide more definitive insight into the specific role of satellite cells in exercise
mediated atrophy recovery.
We also recognize that the selective histological evaluation of mixed fiber sections of the
gastrocnemius muscle for CSA and fiber type frequency is not representative of the regions
consisting homogenously of type IIb/x fibers. The justification for choosing this method was to
analyze fiber areas that were undergoing change, and avoid masking phenotypic changes with
regions that did not adapt to the reloading. The regions of homogenous type IIb/x fibers did not
experience fiber type switching. See Appendix Figure 2 for further information.
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